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Introduction
Due to the rapid improvement in lifestyle and better of healthcare systems, especially in developed countries, the relative amount of aged people is growing rapidly [12] . With aging, arterial and venous vessel dysfunction occurs, which causes different diseases such as hypertension and/or heart coronary artery disease, which can cause cardiac arrest [3] . Thus, there is the push for a better understanding of the mechanisms underlying cardiac arrest development and cardiac arrest-related diseases. Cardiac arrest frequently occurs with aging, is a leading cause of death, and plays a crucial role in occurrence of global brain ischaemia and dementia [3, 11, 13, 29, 30] .
It is reasonable to remark that the brain essentially ages the equivalent of several years within the few minutes taken to resuscitate a patient (or animal) from cardiac arrest. With reference to the natu-ral rate of neuronal loss in brain aging, the post-ischaemic brain ages 3.6 years each hour without therapy [27] . In each hour, 120 million neuronal cells, 830 billion synapses, and 714 km of myelinated fibres are lost [27] . The above abnormalities can be part of the cause of the death of ischaemia-susceptible neurons in areas such as the hippocampus and dysfunction of other, e.g. cortical, neurons also contributing to dysfunction of the neural network. Secondary pathology in the hippocampus in humans and after experimental global cerebral ischaemia due to cardiac arrest occurs with several features similar to Alzheimer's disease [10, 20, 21, 23, 24] . The most important similarity is the accumulation of amyloid precursor protein or its fragments, e.g. β-amyloid peptide, in intra-and extracellular space in the hippocampus in humans and rats subjected to transient global brain ischaemia [10, 20, 26] . The progression of neuronal impairment and cell death, observed during cardiac arrest and following post-arrest, is very fast; however, processes involved in progression are unknown fully. A wide variety of brain lesions and injuries are associated with increased risk for development of seizures. The biggest risk factor are cerebrovascular pathologies, at around 21% [4] . Post-ischaemic acute symptomatic seizures occur at between 3 and 15% (c. 11%), more commonly in animals and humans with severe brain injury [4] . Seizures, especially after cardiac arrest, are of increasing importance as the population ages and are a growing contribution to symptomatic epilepsies. Post-cardiac arrest seizures are less well characterised and are good targets for clinical trials of seizure prevention. Despite differences between humans and animals, and the time courses, mechanistic information gained from studying the experimental cardiac arrest conditions could be harnessed to synergistically advance both groups and to develop treatments targeting specific components in these neurodegenerative pathways to provide more robust protection of patients from neurocognitive impairment and/or death [29] . However, little is known about cardiac arrest-related diseases or induced brain dysfunction resulting because of the occurrence of seizures.
Experimental data indicate that cardiac arrest induces a susceptibility to audiogenic seizures in previously unsusceptible rats [7] . In view of the importance of cardiac arrest in human and its increasing occurrence in the world, as well as its frequent association with seizures, an experimental cardiac arrest model was used in the present investigations. Consequently, the present study was aimed at elucidating whether cardiac arrest in rats could induce audiogenic seizure susceptibility in Wistar rats that were not susceptible to audiogenic stimulation.
Material and methods
The cardiac arrest was induced by a method described previously by Pluta et al. [16] . Female Wistar rats were used (150-170 g, 3 months old). In animals under anaesthesia [7] , a blunt-ended, hooklike, metal probe with the distal end bent at 90° was placed inside the rats' chest cavity after midline skin incision [16] . The hook was inserted through the right parasternal line and third intercostal space into the mediastinum. The hook was gently positioned under the heart vessel bundle and was then moved up and, at the same time, finger pressure (index and middle) was applied from outside. Blood flow in both arterial and venous heart blood vessels was stopped. The device was removed after 3.5 minutes. The animals remained in a state similar to clinical death for 10 minutes. Next the resuscitation procedure was initiated with external heart massage and artificial ventilation with room air (7025 Rodent Ventilator, Ugo Basile, Italy). The procedure was continued until spontaneous heart activity and respiration were resumed. After cardiac arrest the rats (n = 50) survived for one month. Audiogenic seizures were triggered by using the rattling sound of keys (sound intensity 90-100 dB, frequency > 4,000 Hz), according to Kawai et al. [7] . The sound stimulus was set until rats started to have seizures. Audiogenic seizure test was performed 24 hours after cardiac arrest, once daily for one month. The rats were kept in plastic cages with free access to food and tap water under standardised housing conditions (natural light/dark cycle, temperature of 24 ± 2 o C, relative humidity 55 ± 5%). Procedures involving animals and their care were conducted in accordance with the guide for the care and use of laboratory animals as adopted and promulgated by the National Institutes of Health. The experimental protocols and procedures described here were approved by the First Local Ethical Committee in Warsaw.
Results
Following 10 minutes of cardiac arrest, spontaneous heart activity was restored after 82.7 ± 16.5 se conds (mean ± SD) and respiratory activity within 8.4 ± 1.3 minutes. The pain reaction reappeared at 15.8 ± 3.0 minutes and the corneal reflex at 28.5 ± 4.3 minutes following cardiac arrest. After reanimation procedure taking about one hour the rats were placed onto one side of a cage. After 24 hours the animals resumed a normal posture without paralysis of legs. Following that, the animals began to feed themselves and became restless. All animals after 10-minute cardiac arrest were alert and had no motor deficits at one day of survival, which is in accordance with other data [7, 8] . As already shown, the rats' survival up to one month after reanimation did not exhibit any neurological or somatic deficits during the whole period of observation [8] . After successful resuscitation, during a one-month period all of the animals survived following cardiac arrest.
Animals after cardiac arrest showed spontaneous (64% [n = 32 out of 50]) and induced (by rattling keys) audiogenic (86% [n = 43 out of 50]) susceptibility to seizures with manifestation of the behaviours presented below. The spontaneous sensitivity and induced-by-rattling-key audiogenic seizures became manifest on the first day following reanimation, just after the animals had resumed their normal posture. At that time the animals appeared to be hyperreactive. Spontaneous and sound-triggered seizures started with an episode of locomotor automatism and vocalisation. They always reacted with bouncing or jumping (startle myoclonus) when one loud rattling key stimulation was given. After a few seconds, the rats suddenly started instantaneous and wild continuous running without any attempts to avoid obstacles and/or directional change. The running was completely uncontrolled. The animals bumped into the wall of the cage and/or its cover. With the end of this furious running, the animals presented brief tonic extension of the trunk and all four limbs; this was followed by clonic movements -bouncing or jumping, involving the whole body. At the end of the above episode, the rats tended to fall onto one side and the clonic movements suddenly disappeared. After that, postictal irritability was observed, e.g. for touch as effect they started again running, jumping with vocalisation. Finally, all of the rats had postictal depression characterised by a catatonic posture and immobility. This state of activity lasted from a few to several seconds. The occurrence of spontaneous and audiogenic seizures was observed only for a period of two weeks, following cardiac arrest. The sham-operated rats (n = 5; with surgery but without the cardiac arrest) were also observed for one month for the possible occurrence of seizure activity. However, neither spontaneous nor audiogenic seizure activity was noted.
Discussion
Seizures following transient global brain ischaemia due to cardiac arrest are of increasing importance as the population ages, and may be considered as a growing contribution to symptomatic epilepsies. An association of acute brain ischaemia due to cardiac arrest with seizures has been regarded as indicator of severe ischaemic brain injury. In clinical conditions, the appearance of seizures following cardiac arrest seems a predictor of poor outcome [9, 29] . In our study, regular onset of audiogenic seizures was noted one day after cardiac arrest, which is in accordance with the observations by Kawai et al. [7] . In our model, audiogenic seizures occured in the first two weeks of survival after acute transient global brain ischaemia, and after a particular period of time completely disappeared.
Available evidence indicates that one of the consequences of cardiac arrest in humans may be seizure activity or myoclonic status epilepticus [2] . Generally, the prognosis for resuscitated patients seems to be poor and only a small proportion of them recover without serious neurological deficits [2] . The pathogenesic pathways are incompletely understood, but they may include alterations in the energy metabolism [4] and blood-brain barrier functioning [17, 25] , intracellular Ca 2+ overload [15] , release of excitotoxic glutamate [15] , neuroinflammation [28] , free radical changes [23] , and the presence of brain parenchyma haemorrhages [14] . Kawai et al. [5] observed remarkable neuronal changes, affecting predominantly GABA-ergic neurons in different areas, immediately following cardiac arrest. Observations by Kawai et al. [7] suggested a key role for GABA-ergic system widespread dysfunction especially in the hippocampus in post-cardiac arrest onset of audiogenic seizures. A reduced GABA inhibition in the hippocampus seems responsible for audiogenic seizures following cardiac arrest. However, data are available, showing that GABA-egric deficit seems largely reversible as a sign of some plastic modifications/regenerations such as sprouting of inhibitory terminals from surviving interneurons [7] . According to previous inves-tigations, regenerative sprouting of GABA-ergic terminals coincides with cessation of the appearance of audiogenic seizures following cardiac arrest [6] . Interestingly, animals after global brain ischaemia lasting in the range of five minutes did not develop any susceptibility to audiogenic stimulation [7] . When the mean duration of ischaemia reached circa nine minutes, which is slightly less than our experimental conditions, 65% of rats responded with audiogenic seizures [7] . Our recent data also indicate that cardiac arrest rats show an increased susceptibility to pentylenetetrazol-induced clonic seizure activity after one month but not after two months, and this effect is probably also associated with a transient deficit in central GABA-ergic neurotransmission [1] .
Two days after cardiac arrest, small areas of neuronal disappearance were noted in the selectively vulnerable hippocampus CA1 region [18, 20, 21] . At 7-14 days, in ischaemic hippocampus neuronal loss was almost complete in CA1 area with single and scattered damaged pyramidal neurons [8, 18, 20, 21] . But in areas not selectively vulnerable, such as CA2, CA3, and CA4 sectors of the hippocampus, alterations were of a nature characteristic of the acute ischaemic phase [20] [21] [22] . In different periods following ischaemia, regions of neuronal loss were replaced by proliferating and hypertrophic astrocytes with staining for β-amyloid peptide and microglia [18, 19] . The above pathology was localised in layers 3, 5, and 6 of the neocortex and the striatum. The ischaemic neuronal changes are identified as progressive acute and chronic degeneration processes of neuronal cells in the brain, taking place during the whole period of recirculation. Recently it has been identified that degenerative machinery in post-ischaemic neuronal cells continues outside the acute period of the ischaemic episode [18] [19] [20] . Evidence indicates that post-ischaemic brain injury, regardless of the time of survival after ischaemia, is followed by acute neuronal damage as a "burning phenomenon" in areas of the brain belonging or not to selectively vulnerable regions [18] [19] [20] [21] [22] .
In summary, it may be considered that the occurrence of audiogenic seizures following cardiac arrest is determined not only by neuronal loss, especially in the hippocampus, but also by a condition of synapse modification by regenerative phenomenon. Data from our study clearly indicate that global brain ischaemia due to cardiac arrest may trigger susceptibility to spontaneous and audiogenic seizures, but this effect is transient.
